We identified and purified a new DNA polymerase (DNA polymerase IV), which is similar to mammalian DNA polymerase (3, from Saccharomyces cerevisiae and suggested that it is encoded by YCR14C (POLX) on chromosome III. Here, we provided a direct evidence that the purified DNA polymerase IV is indeed encoded by POLX. Strains harboring a pol4 deletion mutation exhibit neither mitotic growth defect nor a meiosis defect, suggesting that DNA polymerase IV participates in nonessential functions in DNA metabolism. The deletion strains did not exhibit UV-sensitivity. However, they did show weak sensitivity to MMStreatment and exhibited a hyper-recombination phenotype when intragenic recombination was measured during meiosis. Furthermore, MATa pol4A segregants had a higher frequency of illegitimate mating with a MATa tester strain than that of wild-type cells. These results suggest that DNA polymerase IV participates in a double-strand break repair pathway. A 3.2kb of the POL4 transcript was weakly expressed in mitotically growing cells. During meiosis, a 2.2 kb POL4 transcript was greatly induced, while the 3.2 kb transcript stayed at constant levels. This induction was delayed in a swi4A strain during meiosis, while no effect was observed in a swi6A strain.
INTRODUCTION
Several nuclear DNA polymerases have been identified and purified from eukaryotic cells (1, 2) , prompting questions of why there are so many, and what their roles are. Progress toward answering some of these questions has come from the use of specific inhibitors and the SV40 in vitro DNA replication system. Seven cellular factors required for this system (3), including DNA polymerases a and 5 (4) (5) (6) , have also been detected in the yeast Saccharomyces cerevisiae, enabling genetic tests of whether the in vitro system truly represents in vivo chromosomal DNA replication. The pure genetic approach identified a series of celldivision-cycle (cdc) mutants, among which were alleles of the genes now known to encode DNA polymerase a and 8 catalytic polypeptides (7) (8) (9) (10) . DNA polymerase e is the DNA polymerase that was last identified and purified in eukaryotes (1, 2) . But, its yeast homolog, DNA polymerase II, was detected enzymatically in yeast cell extracts in early 1970 (11, 12) . Its gene, POL2, was not found in any genetic screen, nor was its mammalian counterpart identified in the SV40 in vitro system. POL2 was eventually cloned by reverse genetics and has been shown to be required for yeast chromosomal DNA replication (13) (14) (15) , suggesting that DNA polymerase e is also required for other eukaryotic chromosomal DNA replication. In vertebrates, another DNA polymerase, DNA polymerase j3, has been purified, characterized, and the corresponding gene has been isolated (1, 16) . This polymerase is believed to participate in small patch DNA repair and/or DNA recombination in mammalian cells (1) . This notion is mainly based on the gap-filling property of DNA polymerase 0 and inhibitor studies (1) . It has been shown that DNA polymerase j3 is expressed in both proliferating and nonproliferating cells. Expression of the gene is also cell type specific, implicating it in repair synthesis during meiotic recombination (17) . Nonetheless, there is no formal genetic evidence for an in vivo role of the enzyme. In lower eukaryotes, a low molecular weight DNA polymerase activity similar to DNA polymerase /3 has not been described (1) , although DNA polymerase activities whose molecular weights are larger than that of DNA polymerase /3 have been previously reported (18) (19) (20) and their biochemical properties are similar to those of DNA polymerase /3. (It is presently not clear whether these DNA polymerases are derived from either DNA polymerase a, 8 or e, or if they are homologs of 5. cerevisiae DNA polymerase IV, since immunological studies have not been done.) Recently, we (21) have identified and purified a new DNA polymerase, DNA polymerase IV, from S. cerevisiae cell extracts and have shown that its biochemical properties are similar to those of mammalian DNA polymerase /3, although the size is considerably larger. We also provided evidence that DNA polymerase IV polypeptide is encoded by the YCR14C open reading frame (ORF)
•To whom correspondence should be addressed (or POLX) which has been identified on chromosome HI (22) and whose translation product has a significant amino acid sequence homology with that of DNA polymerase /3 from rat and human cells (23) . Availability of the gene enables us to test an in vivo role of yeast DNA polymerase IV, by construction of DNA polymerase IV-deficient yeast mutants. Here, we describe the characterization of DNA polymerase IV-deficient mutants, expression of the gene during meiosis, and discuss the in vivo role(s) of DNA polymerase IV. (Fig. 1) was amplified from S.cerevisiae CBOOl genomic DNA by polymerase chain reaction using appropriate primers, digested with Xhol and BglH and subcloned into pUC118 DNA digested with Sail and BamHl restriction enzymes. The resultant plasmid (pUCl 18-POL4) was redigested with Nsil and Mndin, followed by replacement of the most part of the POL4 gene (see Fig. 1 ) with -1.1kb yeast URA3 DNA. Yeast PMS1, pmsl::LEU2, URA3, and URA3 DNA were previously described (13, 28 (Fig. 1) . Correct replacement of the POL4 gene with the pol4A::URA3 gene was confirmed by Southern blot hybridization using chromosomal DNA from the transformants. Similarly, strains containing pmslA::LEU2 mutation was constructed as described (28) . To make apol4A rev3A double mutant, the diploid strain SLD201 was sporulated, the resulted spores were dissected, and pol4A rev3A segregants were identified. At the same time, wild-type, pol4A, and rev3A segregants were also used as a control. Similarly, pol4Apoll, pol4A pol2, pol4A pol3, pol4A poll pol2, pol4A poll pol3, and pol4A pol2 pol3 were constructed using SLH135, SLH139, YHA301 (pol2-9), YHA302 (pol2-18), 488 (poll-17) , H17CIA1 (poll 7-1), 336(cdc2-2), and 346 (cdc2-4).
MATERIALS AND METHODS

Media and general genetic techniques
The media and the standard genetic procedures for the yeast Saccharomyces cerevisiae were described (29) . Spontaneous mutation frequency of yeast cells was measured as previously described (28) . Illegitimate mating of a-cells was measured as described (30) .
Transcriptional levels of POLA Steady-state levels of POM transcript were measured by Northern blotting (31) . Total RNA was extracted from either mitotically growing cells or cells incubated in meiotic specific medium for various times, and about 20 jtg of RNA were fractionated by agarose gel electrophoresis and transferred to Hybond-N nylon membranes (Amersham Corp.) for hybridization. In each experiment, the agarose gel was stained with ethidium bromide to visualize the rRNA and confirm that equal amounts of RNA had been loaded. To make 32 P-labeled POL4 probe, the DNA fragment in the open-reading frame of the POL4 gene ( Fig. 1 ) was nick-translated by Escherichia coli DNA polymerase I in the presence of [a-
32 P]dCTP ( > 5,000 Ci/mmol, Amersham Corp.) as described (24) .
Other methods Meiosis-specific double-strand breaks were detected as previously described (31) using EcoRV-BglR DNA fragment in ARG4 as a probe. After autoradiography, the intensity of bands were quantitated by a Bioimage analyzer BAS2000 (Fuji Film Corp.). Other methods used in this report were also previously described (21, 28, 31) .
RESULTS
DNA polymerase IV is encoded by the YCR14C ORF (POLX)
In the previous study (21) , we have shown that a newly identified and purified S.cerevisiae DNA polymerase, DNA polymerase IV, is very similar to mammalian DNA polymerase /3 and suggested mat it is encoded by the open reading frame YCR14C (POLX) that is located on chromosome IH (22) . To obtain direct proof that DNA polymerase IV is encoded by POLX, oligopeptides generated from the purified DNA polymerase IV by endopeptidase Lys-C were separated by reverse phase HPLC and their amino acid sequences were determined by an automated microsequencer. As shown in Table 1 , four different amino acid sequences were obtained. These sequences can be found in the ORF of YCR14C. Thus, we concluded that DNA polymerase IV is encoded by YCR14C (POLX). We propose that YCR14C (POLX) should be renamed as POL4.
The P0L4 gene is not essential for yeast mitotic cell growth or meiosis To investigate an in vivo function of DNA polymerase IV, pol4 deletion mutants were constructed by replacing the Nsil-HindM fragment in the POIA coding region with the yeast URA3 gene (Fig. 1) . One of the wild type genes in a S.cerevisiae diploid cell was replaced with the deleted gene by one step replacement method (33) . The resultant diploid cells were sporulated, spores were microdissected and germinated. Out of 20 tetrads dissected, 18 tetrads gave four viable spores, 1 tetrad gave 3 viable spores and 1 tetrad gave 2 viable spores. Similar results were obtained when wild-type parental diploids were subjected to tetrad analysis. These results indicate that the gene is not essential for cell growth and therefore, DNA polymerase IV does not play an important role during chromosomal DNA replication in yeast. Homozygous pol4Alpol4A diploid cells sporulated and their spore viability was very similar to that of wild-type diploid cells, indicating that DNA polymerase IV is not required for normal meiosis.
UV-and MMS-sensitivities of pol4A mutants
To further investigate an in vivo function of DNA polymerase IV, UV-, 7-ray and MMS-sensitivities of pol4A mutants were measured. As shown in Fig. 2 , no difference in UV-sensitivity was detected between wild-type and pol4A mutant cells. Furthermore, introduction of either pmslA (one of mismatch correction deficient mutations) or mutagenic repair deficient mutation, rev3A, did not change the sensitivity. However, it was pol4A mutant cells exhibited a weak, but significant MMSsensitivity (Fig. 2) . This sensitivity was almost the same as rev3A mutant cells. MMS-sensitivity of the double mutant pol4A rev3A cells seems additive (Fig. 3A) . However, MMS-sensitivity of pol4A was repressed by thepmslA mutation, since poUApmsl A double mutants behaved like wild-type cells (Fig. 3B) . MMSsensitivity of \hepol4A mutant cells was completely reversed to that of wild-type cells by a single-copy plasmid DNA containing the POLA gene (Fig. 4) , indicating that the MMS sensitivity is associated with pol4A mutation. pol4A mutant cells also showed similar weak sensitivity to 7-ray as to MMS-treatment (data not shown).
UV-induced intragenic recombination in pol4A mutant cells
To detect any effect of pol4A mutation on recombination, we measured UV-induced intragenic recombination between his4X and his4B. As shown in and pol4A mutant cells after UV-irradiation. The intragenic recombination frequency increased 10-fold in pmsl A mutant cells over wild-type cells, and pmsl A pol4'A double mutants exhibited the same levels of intragenic recombination with and without UVtreatment as pmsl A mutant cells (Fig. 5) , suggesting that DNA polymerase IV does not play any role in UV-induced intragenic recombination.
Meiotic intragenic recombination in pol4A mutant cells
Meiotic intragenic recombination between his4X and his4B was measured in both wild-type and pol4A mutant cells. As shown in Table 2 , spore viability of both wild-type and pol4A diploid cells was very high. Therefore, meiosis in pol4A mutant cells Elevated levels of meiosis-specific double-strand breaks in pol4A mutant cells Meiotic recombination occurs at a high frequency at specific sites, so called hot spots, on the chromosome. In the three loci of meiotic recombination hot spots, HIS4-LEU2, ARG4 and THR4 genes, in S.cerevisiae, meiosis-specific double-strand breaks have been observed by Southern blot analysis (34, 35, 36) . As shown in Fig. 6 , typical double-strand breaks were detected in both wildtype and pol4A mutant cells. However, the number of breaks found in pol4A mutant cells were at least three times as much as those found in wild-type cells. Increased frequency of illegitimate mating in the pol4A mutants Illegitimate mating of MATa pol4A segregants with a MA Tot tester strain was measured. As shown in Fig. 7 , pol4A mutants had at least 10-fold higher frequency of illegitimate mating with MATa strains than wild-type cells. Although the signal was relatively small in comparison with other mutations which are known to have a high frequency of illegitimate mating (37), the results were very reproducible. On the other hand, MATapol4A mated with MATa strain at the almost same efficiency as a wildtype strain (Fig. 7) . Illegitimate mating of a-cells might occur via true mutations, MATa -MATa, or after the inactivation of the MATa locus (38) . The inactivation of MATa could be due to point mutations, chromosome in rearrangements, or to the loss of the entire chromosome HI. Another process leading to illegitimate mating is the spontaneous or induced transient inactivation of the MATa allele (39) . However, we could not detect any significant difference between pol4A mutant cells and wild-type cells in spontaneous mutation frequency or chromosome loss (data not shown). (wild-type), SLD109 (swi4A), or SLD113 (swi6A) cells were grown in presporulation medium to 1 x 10 7 cells/ml, transferred to meiotic medium as described (31) and incubated at 25°C. At the indicated time, cells were harvested by centrifugation and total RNA was extracted. Total RNA (20 /ig) was separated by agarose gel electrophoresis, transferred onto a Hybond-N nylon membrane and hybridized with 32 P-labelled POL4 probe. Top pannels show an autoradiograph of the hybridized filter. Bottom pannels are photographs of the agarose gel stained with ethidium bromide before RNA transfer on Hybond-N filter. Numbers shown on the top of figure represent the times (hours) after medium change from presporulation medium to meiotic medium. Left side of the figure shows the size (kb) of the transcripts hybridized with the probe.
POL4 transcript is induced during meiosis
To detect POL4 transcript, Northern blot hybridization was carried out using total RNA extracted from log-phase of S.cerevisiae wild-type cells. As shown in Fig. 8, a 3 .2kb transcript hybridized to the POL4 probe. When RNA was extracted from synchronized cells, the same size transcript could be detected at constant levels throughout the cell cycle (data not shown). When RNA was extracted from a diploid strain synchronously sporulated in meiotic specific medium, a 2.2kb transcript hybridized very intensly with the POL4 probe and increased during meiosis (Fig. 8) . At the same time, the weak 3.2kb message was also detected but stayed at a constant level during meiosis. Induction of the 2.2kb transcript during meiosis was delayed by swi4A mutation, but not by swi6A mutation (Fig.  8) . On the other hand, both 2.2-and 3.2kb transcripts were not detected in pol4A mutant cells (data not shown), confirming that they are from POL4.
DISCUSSION
In the previous report (21), we strongly suggested that a newly identified and purified DNA polymerase which exhibited biochemical properties similar to those of mammalian DNA polymerase /3 is encoded by the YCR14C (POLX) gene. In this report, we have shown that the partial amino acid sequences determined from the purified polypeptide matched perfectly with the amino acid sequence predicted from the nucleotide sequence of YCR14C. Thus, we propose now that YCR14C should be renamed POL4. As the biochemical properties of the purified DNA polymerase TV are very much like mammalian DNA polymerase (3 and the amino acid sequence of P0L4 has a significant homology to that of human and rat DNA polymerase |3 (23) , it is very likely that DNA polymerase IV is a yeast homolog of mammalian DNA polymerase /3. If this is true, then yeast could provide some genetical evidences for an in vivo function of mammalian DNA polymerase /3. However, it is still possible that another yet unidentified DNA polymerase is the homolog of mammalian DNA polymerase j3, since we have detected at least two other uncharacterized DNA polymerase activities in yeast cell extracts (see Fig. 1 of ref 21 ). Nonetheless, in order to find an in vivo function of DNA polymerase IV, pol4A deletion mutants were constructed and their sensitivity to either 7-ray, UV-, or MMS-treatment were examined. The mutant cells did not exhibit any significant sensitivity to UV. Combinational mutants of pol4A with other DNA polymerase mutations did not increase the UV-sensitivity of the pol4A mutation, suggesting that POL4 does not participate in repair of UV damaged DNA. Consistent with these in vivo results, the yeast in vitro repair system described by Friedberg and his associate (32, 40) did not show any significant difference of UV-, OsO 4 -treated DNA and Uracil-containing DNA repair between wild-type and pol4A mutant cells (our unpublished results). Therefore, it is very likely that the UV-repair reaction in yeast requires another DNA polymerase, such as DNA polymerase n (e) and/or DNA polymerase III (5) . It has become clear that the UV-repair reaction in human cells requires either DNA polymerase 5 and/or e (41). pol4A mutant cells were, however, weakly sensitive to MMSand 7-ray treatment, suggesting that DNA polymerase IV participates in a certain type of DNA repair process, particularly in a double-strand break repair pathway. Consistent with this notion, the mutant cells exhibited a hyper-recombinational phenotype when intragenic recombination between his4X and his4B was measured during meiosis. It has been believed that double-strand breaks are intermediates of meiosis specific recombination (42) . DNA polymerase IV may be involved in the repair of double-strand breaks generated for meiotic recombination. Therefore, there is a potential that DNA polymerase IV (and possibly other DNA repair proteins) may compete with a recombination complex to bind double-strand breaks. If DNA polymerase IV is not present (pol4A mutant), double-strand breaks would be fully utilized for the recombination process, resulting in the hyper-recombination phenotype. Consistent with this hypothesis is the observation that the amount of double-strand breaks seen during meiosis, which is believed to be an intermediate of homologous recombination (34-36), increases in pol4A mutant cells (Fig. 6) . The mating type switching process also involves double-strand breaks at the MAT locus (43) . The result of elevated illegitimate mating activity in \hepol4A mutant cells can be explained by the same mechanism of action of DNA polymerase IV. Under normal conditions, double-strand breaks by HO endonuclease at the MAT locus are tightly controlled. If the breaks were introduced, they might quickly be repaired by a DNA repair pathway involving DNA polymerase IV. In the absence of DNA polymerase IV the breaks might be more fully utilized for mating type switching.
The weak MMS-sensitivity of pol4A mutant cells may suggest a partial substitution of DNA polymerase IV with other DNA polymerases. However, neither poll, pol2, nor pol3 mutations had any effect on the MMS-sensitivity. Only mutagenic repair deficient rev3A mutation increased the MMS-sensitivity of pol4A mutant cells (Fig. 3) . The effect of rev3A mutation was additive, suggesting that the action of both DNA polymerases [DNA polymerase IV and Rev3 DNA polymerase (this polymerase has to be demonstrated biochemically as DNA polymerase)] are independent and in the different pathway. Prasad et al. also constructed pol4A mutant and tested the sensitivities to various DNA damaging agents (UV radiation, y radiation, bleomycin, MMS, EMS, MNNG, and H 2 O 2 ) (44). However, they did not detect any altered sensitivity to any of the agents they used. We do not know the reason why they did not see a weak sensitivity of pol4A to MMS-and 7-ray treatment that we detected. Note that no different sensitivity between pol4A and wild-type cells was detected at lower concentrations of MMS (0-0.03%) (Fig. 3) . Nonetheless, the MMS-sensitivity ofpoHA mutant cells that we observed was complemented by a single copy plasmid containing POL4, strongly suggesting that the sensitivity is due to pol4A mutation.
The message of POL4 was greatly induced during meiosis (Fig. 8) . Furthermore, the size of the message was changed from mitotic cells to cells in meiosis, suggesting it functions during meiosis. However, the pol4A mutant cells did not exhibit any meiotic phenotype, except for hyper-recombination. It is interesting that the message of REV3 is also induced during meiosis and rev3A mutants also do not have any meiotic phenotype (45) . Nevertheless, why the POL4 transcript is induced during meiosis is still remain to be answered. It is known that many genes expressed early during meiosis in yeast have regulatory sequences, URS1 (upstream repression site 1), UAS H (upstream activation site), and T 4 C site (46) . Interestingly, a T 4 C site like sequence -TTTTCCTCCTG-, an URS1 like sequence -GGAAGGCGGTA-and an UAS H like sequence -GT-CACAGTGGT-were found in the 5'-untranslated region of POL4. These sequences may be responsible for induction of the POL4 mRNA during meiosis. As induction of the POL4 transcript was delayed in swi4A mutant cells during meiosis, it is likely that the SW14 gene product is involved in the regulation of this induction. However, further studies are needed to understand the mechanism of this induction.
